INTRODUCTION
============

Mesenchymal stem cells (MSCs) are self-renewing multipotent stem cells capable of differentiating into adipocytes, chondrocytes, and osteocytes ([@b35-molce-40-8-598]). These cells have been widely explored as a therapeutic agent for various disorders ranging from tissue injury to degenerative diseases because of their regenerative properties ([@b2-molce-40-8-598]; [@b24-molce-40-8-598]). The therapeutic mechanism of MSCs is currently thought to occur via paracrine signaling, where cells secrete biologically active molecules that exert beneficial effects on injured tissues ([@b9-molce-40-8-598]) by promoting angiogenesis and regeneration while inhibiting fibrosis, apoptosis and inflammation ([@b17-molce-40-8-598]; [@b29-molce-40-8-598]). Currently, there are more than 700 ongoing or completed clinical trials worldwide using MSCs, highlighting their potential as a cell-based therapy ([www.clinicaltrials.gov](www.clinicaltrials.gov), [@b43-molce-40-8-598]).

Numerous clinical and preclinical studies have reported on the safety of MSCs as a cell-based therapy; however, the efficacy of these cells in vivo is limited because of their poor survival, engraftment, and signaling ([@b12-molce-40-8-598]; [@b36-molce-40-8-598]). Several approaches have been investigated to overcome these issues, as well as reduce the immune response and optimize factor secretion ([@b13-molce-40-8-598]; [@b20-molce-40-8-598]; [@b30-molce-40-8-598]; [@b42-molce-40-8-598]).

Genetic engineering is a common approach to improve the in vivo performance of MSCs by enhancing their innate properties, such as migration, neuro-protection, lineage differentiation and therapeutic factor production ([@b6-molce-40-8-598]; [@b7-molce-40-8-598]; [@b22-molce-40-8-598]). Research demonstrates that MSCs can be modified to enhance their therapeutic effects using plasmid DNA ([@b5-molce-40-8-598]; [@b16-molce-40-8-598]; [@b31-molce-40-8-598]), retrovirus ([@b6-molce-40-8-598]; [@b7-molce-40-8-598]; [@b22-molce-40-8-598]), lentivirus ([@b25-molce-40-8-598]; [@b39-molce-40-8-598]; [@b44-molce-40-8-598]), adeno-associated virus ([@b19-molce-40-8-598]; [@b23-molce-40-8-598]; [@b27-molce-40-8-598]), and adenovirus([@b26-molce-40-8-598]; [@b32-molce-40-8-598]; [@b34-molce-40-8-598]). Nonviral plasmid DNA transfection method is clinically safe but associated with higher cytotoxicity and low transfection efficiency ([@b33-molce-40-8-598]). In comparison, retroviral and lentiviral transduction provide long-term transgene expression but are considered to be less safe because of their propensity to integrate into the host genome. Recombinant adenoviral transduction is a safe, efficient method to transiently over-express a high level of exogenous therapeutic genes in human cells both in vivo and in vitro ([@b4-molce-40-8-598]; [@b11-molce-40-8-598]; [@b14-molce-40-8-598]; [@b40-molce-40-8-598]; [@b41-molce-40-8-598]). Adenoviral infection is mediated by the binding of viral fibers to Coxackie virus and adenovirus receptor (CAR) molecules expressed by host cells ([@b8-molce-40-8-598]; [@b45-molce-40-8-598]). However, human MSCs express the relatively low levels of CAR molecules ([@b38-molce-40-8-598]), and thus are fairly resistant to adenoviral infection. Increased viral titers can enhance transduction efficiency, but potentiates dose-dependent cytotoxicity ([@b28-molce-40-8-598]). Moreover, adenovirus has been shown to hinder the adipogenic differentiation of transduced MSCs; therefore, it is important to systematically assess the characteristics of transduced MSCs and transgene stability prior to in vivo application.

The present study investigated key MSC characteristics in cells transduced with human adenovirus serotype 5 harboring a GFP reporter, including surface marker expression, proliferative ability, and differentiation capacity, as well as exogenous gene expression stability.

MATERIALS AND METHODS
=====================

Isolation and culture of human MSCs
-----------------------------------

Human MSCs were derived from bone marrow isolated from the iliac crest of healthy 10- to 15-year-old donors undergoing bone marrow aspiration for future allogeneic transplantation as previously described ([@b21-molce-40-8-598]). Briefly, mono-nucleated adherent cells were collected and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin and 10 ng/ml basic fibroblast growth factor (b-FGF, Thermo Fisher Scientific, USA). All MSCs used in experiments were from passage 5. All study protocols were approved by the Institutional Review Board of Ajou University, Medical Center (Korea).

Adenoviral transduction of hMSCs
--------------------------------

Replication-defective recombinant human adenovirus type 5 harboring a GFP reporter under the control of an elongation factor 1 alpha-promoter (Ad-GFP) was purchased from Vector Biolabs (USA. For transduction experiments, MSCs were plated at a density of 5 × 10^4^ cells per 100 mm dish in the presence of standard MSC growth media. After reaching 70--80% confluency, cells were transduced with adenovirus in 6 ml of growth media at 0, 1, 10, 25, 50, 100, and 200 MOI. After a 2 h incubation at 37°C, the transduction media was replaced with standard MSC growth media. Cells were then analyzed for GFP expression at 48 h post-infection by fluorescence microscopy using an Olympus 1×71 microscope (Olympus Optical Co. Ltd., Japan) at 200× magnification and flow cytometry with a BD FACS Vantage (BD Biosciences, USA). For flow cytometry, 10,000 events were acquired for each condition and the data analyzed using with Cell Quest Pro software (BD Biosciences). To assess GFP stability and cell proliferation after long-term culture, cells were cultured with a standard conditions (plating MSCs at density of 1 × 10^5^ cells per 100 mm dish and sub-culturing upon 70--80% confluency) for 2 subsequent passages. At the end of each passages, cell proliferation was examined by trypan blue exclusion assay. In addition, the percentage of GFP-positive cells and the mean fluorescence intensity (MFI) was analyzed by flow cytometry.

Senescence associated β-galactosidase assay
-------------------------------------------

MSCs transduced with Ad-GFP at 50 MOI were cultured for 1 passage under standard conditions and then plated at 1 × 10^5^ cells per well in 6-well plates. The next day, cells were washed with phosphate-buffered saline (PBS), fixed in 10% formalin for 10 min at room temperature, rinsed twice with PBS, and incubated with senescence-associated β-galactosidase staining solution containing 5 mM potassium ferricyanide (K~3~\[Fe(CN)~6~\]), 5 mM potassium ferrocyanide (K~4~\[Fe(CN)~6~\]), 2 mM MgCl~2~ in 0.2M citric acid/PBS (pH6.0), and 0.5 mg/mL X-gal solution. Cells were incubated in a 37°C incubator for 12--16 h. X-gal staining was observed under phase contrast microscopy at 200× and merged with corresponding fluorescence images to identify double-positive cells.

Surface antigen analysis
------------------------

Ad-GFP-transduced MSCs (50 MOI) or normal MSCs were harvested with 0.25% Trypsin/EDTA (Invitrogen), and resuspended in PBS containing 1% bovine serum albumin (BSA), and then stained with fluorochrome-conjugated antibodies against CD90, HLA-ABC, CD45, CD29, CD73, HLA-DR or isotype controls (Biolegend, USA) for 15 min at room temperature (RT). After washing with PBS containing 1% BSA, cells were analyzed with a BD FACS vantage. All assays included unstained and isotype controls.

Multi-lineage differentiation
-----------------------------

Ad-GFP MSCs (50 MOI) were harvested 2 days post-transduction and subjected to osteogenic, adipogenic, and chondrogenic differentiation with a human MSC differentiation kit (Thermo Fisher). Normal, untransduced cells and non-induction media were used as controls. Briefly, cells were plated at 4 × 10^4^ cells in 4-well plates in normal MSC culture medium and grown to confluency. The culture medium was then replaced with adipogenic or osteogenic differentiation media (STEMPRO, Thermo Fisher) for 12 days. Adipogenic and osteogenic differentiation was verified by oil-red O and Alizarin Red S staining, respectively. Alternatively, chondrogenic differentiation was induced by culturing 3 × 10^5^ pelleted cells in differentiation medium (STEMPRO Chondrogenesis Differentiation Kit, Thermo Fisher) for 4 weeks. Paraffin embedded chondrogenic differentiated MSCs and Adeno-GFP-transduced MSCs pellets were sectioned at 5 μm thickness and mounted to coated slides for further GFP immunohistochemistry and Alcian blue staining procedures. Briefly, the sections were incubated with 1% H~2~O~2~ in PBS for 20 min, blocked with 10% normal goat serum for 1 h at room temperature, and then probed with a chicken anti-GFP antibody (1: 500, Abcam, UK) at 4°C overnight. After washing the primary antibody, the sections were incubated with biotinylated goat anti-chicken secondary antibody (1:200, Vector Laboratories) for 1 h and avidin-peroxidase conjugate (ABC Kit, Vector Laboratories, USA) solution for 30 min. The horseradish peroxidase reaction was detected with 0.05% diaminobenzidine (DAB) and 0.03% H~2~O~2~ in 50 mM Tris-HCl (pH 7.0). Sections were subsequently incubated with Alcian blue staining solution for 45 min at room temperature. Stained images were acquired using a Zeiss Axiophot microscope (Carl Zeiss, Germany).

Transgene stability under growth-restrictive conditions
-------------------------------------------------------

Ad-GFP MSCs at 50 MOI were cultured under growth-restrictive conditions (i.e. high-density plating without passaging). Briefly, cells were harvested 2 days post-transduction with EDTA/trypsin and counted by trypan blue exclusion method. A total of 1.5 × 10^6^ live cells were plated in 100-mm dish and cultured for 30 days at 37°C without passaging. Media was changed every 2 days. The stability of transgene expression was analyzed 30 days after plating by assessing the intensity and frequency of GFP expression by florescence microscopy and compared to cells after 1 day of high-density plating.

RESULTS
=======

MSC transduction with adenoviral vector
---------------------------------------

To investigate adenovirus transduction efficiency, MSCs were transduced with Ad-GFP at various MOIs for 2 h and then examined at 48 h post-infection by fluorescence microscopy and flow cytometry. Results demonstrate a linear increase in the frequency of GFP-positive cells with increasing MOI with no GFP signal detected at 0 MOI and about 80% GFP-positive cells at 200 MOI. The histogram ([Fig. 1A](#f1-molce-40-8-598){ref-type="fig"}) and bar diagram ([Fig. 1C](#f1-molce-40-8-598){ref-type="fig"}) show the frequency of GFP-positive cells at the indicated transduction conditions. Merged fluorescence and phase contrast images of MSCs transduced at 200 MOI are shown in [Fig. 1B](#f1-molce-40-8-598){ref-type="fig"}. To enhance adenoviral transduction efficiency, MSCs were incubated with CAR Receptor Booster for 2 h. Analysis of GFP expression frequency and intensity at day 2 post-transduction showed a significant increase in transduction efficiency in the CAR booster-treated group ([Supplementary Fig. S1](#s1-molce-40-8-598){ref-type="supplementary-material"}).

Transgene expression and growth kinetics of Ad-GFP-transduced MSCs
------------------------------------------------------------------

To assess the effect of adenoviral transduction on the proliferation of cells, Ad-GFP-transduced MSCs were cultured under standard conditions for 2 passages. Cell counting studies revealed the linear decrease in the total cell numbers with increasing MOI after 12 days in culture ([Figs. 2A and 2B](#f2-molce-40-8-598){ref-type="fig"}). The number of GFP-positive cells and mean fluorescence intensity were also significantly decreased in subsequent passage ([Figs. 2C and 2D](#f2-molce-40-8-598){ref-type="fig"}). Normal MSCs exhibit fibroblastic morphology in adherent monolayer cultures. Consistently, MSCs retained a normal fibroblastic morphology at 2 days post-transduction that gradually changed to a flattened, oval, and enlarged shape, mostly in GFP-positive cells (arrows in [Fig. 2A](#f2-molce-40-8-598){ref-type="fig"}). Senescence-associated beta-galactosidase (SA-beta-gal) staining confirmed that these morphological changes were the result of cell senescence ([Fig. 2F](#f2-molce-40-8-598){ref-type="fig"}).

Cell surface marker expression and multi-lineage differentiation
----------------------------------------------------------------

To evaluate the effects of adenoviral transduction on the MSC phenotype, cell surface marker expression and multilineage differentiation potential were examined. As shown in [Fig. 3](#f3-molce-40-8-598){ref-type="fig"}, GFP-positive cells and GFP-negative cells displayed similar phenotype profiles. Ad-GFP transduced MSCs were positive for CD105, CD29, CD73 and CD90 while being negative for HLA-DR, CD34. The population of surface marker and GFP double positive was similar to transduction efficiency of MSCs by Ad-GFP at 50 MOI.

We also assessed the effect of adenoviral transduction on MSC differentiation into osteocytes, adipocytes, and chondrocytes. As expected, osteocytic cultures exhibited mineralization nodules over the MSC monolayer that stained positively with Alizarin S, confirming successful osteocyte differentiation ([Figs. 4A and 4B](#f4-molce-40-8-598){ref-type="fig"}). Similarly, GFP immunohistochemistry and Alcian blue staining revealed metachromatic extracellular matrix deposition in the GFP-positive chondrogenic MSC cultures ([Figs. 4C and 4D](#f4-molce-40-8-598){ref-type="fig"}). The chondrogenic spheroids in both the MSCs and Ad-GFP MSCs group were similarly sized and produced extracellular matrix to a similar extent ([Supplementary Figs. S2A and S2B](#s1-molce-40-8-598){ref-type="supplementary-material"}), suggesting that Ad-GFP MSCs and control MSCs could still differentiate into chondrogenic- and osteogenic-lineages. In contrast, the majority of GFP-positive cells lacked the capacity for adipogenic differentiation as shown by the absence of lipid vacuoles, which were readily apparent in GFP-negative and untransduced counterparts ([Figs. 4E--4H](#f4-molce-40-8-598){ref-type="fig"} and [Supplementary Fig. S2C](#s1-molce-40-8-598){ref-type="supplementary-material"}). Collectively, these data confirmed that Ad-GFP MSCs efficiently differentiated into chondrogenic and osteogenic lineages, whereas their ability for form adipocytes were markedly reduced.

Long-term transgene expression under growth-restricted conditions
-----------------------------------------------------------------

To examine long-term GFP expression stability, transduced MSCs were cultured for 30 days without passaging. Contrary to proliferating cultures, Ad-GFP MSCs subjected to growth-restrictive conditions showed stable GFP expression for at least 1 month in culture ([Fig. 5](#f5-molce-40-8-598){ref-type="fig"}). However, long-term cultured MSCs acquired a senescent morphology with enlarged cell size ([Fig. 5](#f5-molce-40-8-598){ref-type="fig"}, arrows).

DISCUSSION
==========

The present study demonstrates the dose-dependent transduction efficiency of GFP adenovirus. Most significantly, we found that transduced MSCs expressed typical MSC surface markers and effectively differentiated into osteocytes and chondrocytes, but showed attenuated proliferation and an impaired adipogenic differentiation capacity.

It is known that human primary MSCs are relatively resistant to wild-type adenoviral infection because of their low expression level of the adenoviral receptor CAR ([@b38-molce-40-8-598]). In the present study, we found that MSCs could be transduced by adenovirus in a dose-dependent manner. Pretreatment of CAR Receptor Booster increased receptor density on the cell surface, which resulted in a significant increase in GFP- positive cell frequency and fluorescence intensity as compared to non-treated cells; this suggests that low CAR expression is a major limitation to adenoviral transduction in MSCs. Although MSCs exhibit low CAR expression, they can be transduced by increasing the dose of adenovirus, suggesting that additional receptors are present on the surface of MSCs. Adenovirus infection is mediated by CAR molecules via the knob domain of the fiber proteins and the major histocompatibility complex (MHC) class Ia-2 domain on the host cell surface ([@b4-molce-40-8-598]; [@b11-molce-40-8-598]; [@b15-molce-40-8-598]). Our MSCs expressed MHC class I (HLA-ABC) at high levels on their surface, which suggests that MHC class I may contribute to adenoviral transduction.

Recombinant adenoviruses are a widely used gene delivery system for *ex vivo* therapy ([@b26-molce-40-8-598]; [@b32-molce-40-8-598]; [@b34-molce-40-8-598]). Adenoviral vectors are known to be safe because they are episomal and therefore do not integrate into host chromosome. Hence, we observed that the number of GFP-positive cells and mean fluorescence intensity diminished with continued culturing, with \< 1% GFP-positive cells present after 2 passages (data not shown). The decline in the number of GFP-positive cells over time can be explained by the replication deficiency of the adenoviral vector and by the fact that adenoviral vector does not integrate in the host cellular chromosome.

Surface antigenicity is an important criterion in transplantation therapy using stem cells because altered surface antigen expression in stem cells resulting from ex vivo manipulation can cause immune rejection of even autografted stem cells. Particularly, HLA-DR is an MHC class II cell surface receptor encoded by the human leukocyte antigen complex. The complex of HLA-DR and its ligand may lead to immune responses. Previously, it has been shown that the HLA-DR expression may be induced depending on the cultivation conditions of MSCs ([@b37-molce-40-8-598]). Adenovirally-tranduced MSCs retain the classical MSC specific surface markers, i.e., CD29, CD73, CD90, and CD105, and are negative for CD34, CD45, and HLA-DR. Thus, it is noteworthy that transduction with adenoviral vectors does not trigger expression of HLA-DR and thus warrants a potential use of MSCs in ex-vivo therapy.

Most MSCs with high GFP fluorescence showed attenuated proliferation and flat cell morphology with some inclusion bodies, but remained GFP-positive in subsequent passages. These cells stained positive for SA-β-gal, indicative of cell senescence. It is possible that strong GFP protein disturbed the senescence mechanism because it is known that GFP has cellular cytotoxicity ([@b1-molce-40-8-598]). However, we found that the senescence-like flattened morphology also appeared in cells transduced with beta-galactosidase expressing adenovirus (data not shown); therefore, higher transduction of adenoviral vectors can effect the proliferation capability of MSCs.

Preserving the differentiation potential of MSCs after adenoviral transduction is important for ex vivo MSC therapy aimed at regeneration of mesenchymal tissues. Consistent with the results of previous studies, GFP-positive cells readily differentiated into osteocytes and chondrocytes ([@b3-molce-40-8-598]; [@b10-molce-40-8-598]); however, GFP-positive cells rarely differentiated into adipocytes in the presence of adipogenic stimuli, although other study reported that the adenovirus-transduced MSCs could still undergo adipogenic differentiation ([@b18-molce-40-8-598]). [@b18-molce-40-8-598] suggested that transduced MSCs preserved adipogenic differentiation potential, but population of transduced cells in differentiated cells were decreased through the period of adipogenic induction. They couldn't explain why the population of transduced cells decreased through adipogenic differentiation. In our study, very few GFP-positive cells were positive for oil red O staining ([Supplementary Fig. S2D](#s1-molce-40-8-598){ref-type="supplementary-material"}), supporting a diminished adipogenic differentiation capacity as compared to normal, non-transduced MSCs. We were unable to determine whether this difference was a direct result of adenovirus transduction or the transduced subpopulations had a restrictive differentiation potential.

Our findings suggest that adenovirus modification of MSCs could serve as reliable method to transiently express beneficial factors in MSCs without risking potential adverse effects of long-term transgene expression. Nevertheless, the development of proper transduction conditions should be determined before adenovirus-modified MSCs are transitioned for use in clinical settings.
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![Adenoviral gene transduction of mesenchymal stem cells (MSCs).\
(A) Fluorescence-activated cell-sorting analysis of MSCs transduced with GFP-expressing adenovirus (1--200 multiplicity of infection \[MOI\]) and untransduced controls. (B) Microscopy images of GFP expression in MSCs transduced at 200 MOI. Scale bar = 50 μm. (C) The percentage of GFP positive cells with increasing MOI.](molce-40-8-598f1){#f1-molce-40-8-598}

![Transgene expression in Ad-GFP MSCs.\
(A) Representative fluorescence images of transduced cells at 2 and 12 days post-transduction. GFP-positive cells display a larger cell size with flattened morphology (arrows). Scale bars = 50 μm (B-D) The total number of cells, frequency of GFP-positive cells, and mean GFP intensity were measured using flow cytometry. (E) Senescence-associated β-galactosidase activity was examined in transduced MSCs (MOI 50) and cultured for one passage. Arrows indicated positive X-gal staining. Scale bars = 50 μm.](molce-40-8-598f2){#f2-molce-40-8-598}

![Surface antigen expression profiles of Ad-GFP MSCs.\
MSCs transduced with GFP-expressing adenovirus (MOI at 50) were examined for MSC surface marker expression at 2 days post-transduction. Isotype antibodies served as negative control.](molce-40-8-598f3){#f3-molce-40-8-598}

![Mesodermal differentiation potential of Ad-GFP MSCs.\
(A, B) Osteogenic differentiation was assessed by alizarin red S staining to visualize calcium deposits. (C, D) Chondrogenic differentiation was assessed by Alcian blue and immunohistochemical staining to detect glycosaminoglycans and GFP expression, respectively. Dark brown colored cells in (D) indicate GFP-positive cells. (E, F) Adipogenesis was monitored for intracellular lipid accumulation by microscopy and (G, H) oil-red O staining. All photomicrographs are the merges of GFP and bright field images. Scale bars = 50 μm.](molce-40-8-598f4){#f4-molce-40-8-598}

![Transgene stability in Ad-GFP MSCs under non-dividing culture conditions.\
Long-term transgene stability was monitored after 30 days of culturing under conditions unfavorable to cell division (i.e, high-density plating with limited passaging). GFP expression was then assessed by fluorescence microscopy. Arrows indicate representative cells.](molce-40-8-598f5){#f5-molce-40-8-598}
